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Abstract
The expression of 18 149 genes have been analysed during the differentiation of the human intestinal cell line Caco-2.
cDNA probes from undifferentiated and differentiated Caco-2 cells were separately hybridised to EST DNAs spotted in an
array on a nylon membrane. A remarkable change in the transcriptome was observed during the differentiation of the
Caco-2 cells. 8762 of the 18 149 genes analysed were expressed above background level in the undifferentiated Caco-2 cells,
whereas only 5767 genes were expressed above background in differentiated Caco-2 cells. This pattern of expression was
caused by a general down-regulation of genes in the low abundance class. Similar results were found using mouse small
intestinal crypt and villus cells, suggesting that the phenomenon also occurs in the intestine in vivo. The expression data
were subsequently used in a search for markers for subsets of epithelial cells by performing reverse transcriptase^
polymerase chain reaction on RNA extracted from laser dissected intestinal crypt and villi. In a screen of eight transcripts
one ^ SART3 ^ was identified as a marker for human colonic crypts. 8 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The intestinal epithelial cells are generated by cell
division from a small number of stem cells located at
the bottom of intestinal crypts. The stem cells of the
intestinal epithelium can di¡erentiate into four di¡er-
ent cell types: absorptive cells, goblet cells, enteroen-
docrine cells and Paneth cells [1]. The di¡erentiation
occurs as the cells leave the lower crypt regions.
About 90% of the cells in the small intestinal epithe-
lium are the absorptive cells (enterocytes) and in the
colon goblet cells dominate. The formation of the
four cell lineages is poorly understood, but it is
known that interactions between the mesoderm and
endoderm and the composition of the extracellular
matrix are important [2]. The di¡erentiation of the
intestinal epithelium is clearly a complicated process
involving a network of di¡erent groups of proteins,
e.g., transcription factors, receptors and extracellular
matrix proteins. In other di¡erentiation systems such
as the myoblast to myocyte di¡erentiation it has
been shown that the transcript complexity decreases
as the cells di¡erentiate [3]. Such data are not avail-
able for the di¡erentiation process in the intestinal
epithelium.
In the present work we have focussed on transcrip-
tome changes during the di¡erentiation of the ab-
sorptive intestinal epithelial cells taking advantage
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of the colon cancer cell line Caco-2 and the possibil-
ity to isolate intestinal crypt and villus cells [4]. Caco-
2 cells di¡erentiate spontaneously when grown to
con£uence. Enzymes speci¢c to the apical membrane
of small intestinal absorptive cells such as aminopep-
tidase N and alkaline phosphatase are among the
known genes widely used as markers for the di¡er-
entiated Caco-2 phenotype [5]. The expression of
18 149 genes was measured during di¡erentiation of
Caco-2 cells using hybridisation of labelled cDNA to
a DNA array of expressed sequence tags (ESTs).
The purpose of this analysis was ¢rstly to inves-
tigate which general transcriptome changes occur
during intestinal epithelial di¡erentiation and sec-
ondly to generate a collection of intestinal transcripts
that can be used to ¢nd markers for subsets of in-
testinal epithelial cells. We have shown that a sub-
stantial number of the genes are down-regulated as
the cells di¡erentiate whereas few genes are up-regu-
lated. A similar general down-regulation of gene ex-
pression was found when intestinal crypt cells (un-
di¡erentiated cells) and villus cells (di¡erentiated
cells) from mouse were analysed by array hybridisa-
tion experiments. Based on the results we suggest
that an important event in cellular di¡erentiation in
the intestine is a substantial reduction of gene expres-
sion complexity in the di¡erentiated intestinal epithe-
lial cell compared to the undi¡erentiated cell. mRNA
levels from a subset of genes which are down-regu-
lated during Caco-2 di¡erentiation were analysed in
crypt (undi¡erentiated) and villus (di¡erentiated)
cells from human intestine using laser capture micro-
dissection followed by RNA extraction and reverse
transcriptase^polymerase chain reaction (RT^PCR).
All analysed transcripts were expressed in the intes-
tine and one ^ the SART3 ^ speci¢cally marked co-
lonic crypt cells.
2. Materials and methods
2.1. Crypt and villus preparation
Crypts and villi were obtained from adult mouse
small intestines based on the Weiser method [4]. Fol-
lowing isolation the intestinal cells were resuspended
in PBS (137 mM NaCl, 8.16 mM Na2HPO4c2H2O,
1.47 mM KH2PO4, 3.22 mM KCl, pH 7.4) and in-
cubated for 2 h on ice. This step is essential to obtain
high-quality RNA, probably because extracellular
partly degraded RNA is completely digested by
extracellular RNAses during the incubation.
2.2. Caco-2 cell culturing
Caco-2 cells were seeded at a density of 2U104
cells/cm2 and grown in minimal essential medium
(Life Technologies) containing 10% foetal calf serum
for 3 days (undi¡erentiated Caco-2) or 14 days (dif-
ferentiated Caco-2). The medium was changed twice
a week and con£uence was reached 1 week after
seeding.
2.3. mRNA puri¢cation hybridisation to GDA arrays
Poly(A)-containing RNA was isolated from the
Caco-2 cells and villus/crypt fractions using the
FAST Track 2.0 kit (Invitrogen). Poly(A)-puri¢ed
RNA (2.5 Wg) was used to produce [K-33P]dATP-la-
belled cDNA probes with AMV reverse transcriptase
(Promega) and random primers (IncyteGenomics). A
DNA orientation marker for orientation of the ¢lters
was labelled with [K-33P]dATP using ReadyPrime
(Amersham Pharmacia Biotech) and added to the
hybridisation. Two labelling reactions were per-
formed on mRNA from undi¡erentiated Caco-2 cells
alternatively crypt fractions and on mRNA from dif-
ferentiated Caco-2 cells alternatively villus fractions.
Two separate hybridisations were set up using hu-
man Gene Discovery Array version 1.3 (hGDA) ¢l-
ters version 1.3 and the Caco-2 cell cDNA probe. A
single hybridisation experiment was performed using
mouse crypt/villus cDNA probes and the murine
Gene Discovering Array version 1.0 (mGDA). Hy-
bridisation and washing of the ¢lters were carried
out according to the recommendations of the manu-
facturer.
The hGDA ¢lter and the mGDA ¢lter are nylon
¢lters spotted with 18 149 human and 18 378 murine
EST clones, respectively. Each clone is spotted twice
together with 30 double-spotted controls and 24 dou-
ble-spotted orientation markers. The hybridisation
signals were quanti¢ed using PhosphoImager tech-
nology (Molecular Dynamics) and normalised using
the mean of all the signals on the ¢lter (the global
mean) and their identity assigned using the software
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ArrayVision. The results are presented as the mean
of the four (hGDA results) or two (mGDA results)
measurements of each EST sequence. The GDA ¢l-
ters were purchased from IncyteGenomics (see
www.incyte.com). The DNA ¢lter array products
from IncyteGenomics was recently discontinued. In-
formation about the GDA ¢lters used in the present
study is available at www.imbg.ku.dk/bic/cmec/
GDA.html
2.4. Northern blot hybridisation
Twenty-six EST clones from the GDA ¢lter were
obtained (IncyteGenomics) and analysed by North-
ern blotting in order to validate the array results.
Plasmid DNA was prepared from each clone and
sequenced using Cy5-labelled primers (TAG Copen-
hagen) and the Alf Express sequencer (Amersham
Pharmacia Biotech). Poly(A) RNA (2.5 Wg) extracted
from either undi¡erentiated or di¡erentiated cells
were electrophoresed in a formaldehyde-containing
agarose gel and blotted to a Hybond N+ membrane
(Amersham Pharmacia Biotech). Inserts from the
purchased EST clones were excised, gel puri¢ed
and labelled with [K-32P]dATP using the Strip-EZ
labelling system (Ambion). The labelled inserts
were hybridised overnight at 42‡C to the Northern
blots in Ultrahyb solution (Ambion). Following hy-
bridisation, the ¢lters were washed at 42‡C once with
2U SSC+0.1% SDS and once with 0.1U SSC+0.1%
SDS. The ¢lters were exposed to PhosphorImager
screens (Molecular Dynamics).
2.5. Laser capture microdissection and RT^PCR
Pieces of human colon and ileum were obtained
from a patient undergoing right-sided hemicolectomy
as part of a treatment for colonic cancer. The tissue
was obtained according to the rules of the local
Ethical Committee. The tissue was snap frozen in
dry ice cooled isopentane and stored at 370‡C.
Frozen 10-Wm sections were placed onto a plastic
membrane, mounted on a glass coverslip, ¢xed in
ethanol and stained with haematoxylin and eosin so-
lutions. Crypt and villus regions were cut from the
tissue sections using a laser capture microdissection
instrument (P.A.L.M. Mikrolaser Technologie) and
transferred to RNA lysis solution (0,1 M Tris^HCl
(pH 7.5), 4 M guanidinium, 0.2% N-lauryl-sarcosine,
10 mM DTT). Total RNA was prepared using the
acid^phenol method [6]. Approximately 400 tissue
pieces from ileal crypt regions, ileal villus regions
and colonic crypt regions respectively were isolated
and pooled. The RNA concentration was determined
using the Ribogreen system (Molecular Probes). Ten
ng total RNA was used in RT^PCR reactions using
the Access RT^PCR system (Promega). The primer
pairs used were designed to give products in the
range 175^200 bp and the primer sequences were
derived either from the determined ETS sequences
directly or from GenBank sequences representing a
signi¢cant BLAST hit.
2.6. Isolation of human colonic crypts and RT^PCR
Colonocytes were isolated as described [7]. In
brief, 5^7 colonoscopic biopsies were obtained from
normal colonic mucosa of patients undergoing con-
trol colonoscopy and washed three times in ice-cold
phosphate-bu¡ered saline (PBS) without Mg2þ or
Ca2þ, containing 50 IU/ml penicillin, 50 Wg/ml strep-
tomycin, and 0.5 mg/ml gentamycin. The biopsies
were then incubated in 1 mM EDTA and 1 mM
EGTA in PBS without Mg2þ or Ca2þ at 21‡C for
75 min. The chelating bu¡er was replaced by ice-cold
PBS, and crypts liberated from the biopsies by shak-
ing. The PBS containing crypts was transferred to a
new tube and centrifuged at 300 rpm for 2 min. This
method yields a highly pure fraction of isolated
crypts free of basement membrane and connective
tissue [7]. The protocol is approved by the local Eth-
ical Committee and all patients gave informed con-
sent.
RNA was isolated from the isolated crypts or from
total colonic biopsies as described above and RT^
PCR carried out using 100 ng total RNA as template
and the Access RT^PCR system (Promega) with
primers against the central portion of the SART3
mRNA. The sequences of the primers were:
5P-TCCAGTGCACCAGTGACTACCC-3P and
5P-ATGTCTGCGGCAAAAGCATG-3P.
2.7. Virtual Rot curves and statistical calculations
Virtual Rot curves [8] were produced by plotting
the measured hybridisation intensity for each EST
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clone against the fraction of summarised intensities
values for all EST measurements with a higher or
equal intensity, eg. one EST clone gave a hybridisa-
tion signal of 9944. 13.1% of the signals had the same
or higher values. In the virtual Rot curves this EST is
plotted at 9944 on the x-axis and 0.131 on the y-axis.
This was done for all hybridisation signals in one
GDA hybridisation experiment. To identify the lim-
its between the di¡erent intensity groups, straight
lines were ¢tted onto the virtual Rot using linear
regression. In this way the value 3000 gave the high-
est correlation coe⁄cient as the lower limit for the
high-intensity group whereas the value 250 gave the
highest correlation coe⁄cient as the lower limit for
the intermediate-intensity group.
3. Results and discussion
The aim of the present work is to investigate
changes in the transcriptome during intestinal epithe-
lial cell di¡erentiation. It was therefore decided to
use the hGDA ¢lter type for gene expression analysis
because it has a very high number of spotted EST
Fig. 1. Analysis of transcript expression in Caco-2 cells and human intestine. The indicated EST clones from the hGDA ¢lter were
purchased and sequenced. All the displayed clones contained inserts with the expected sequences as determined by BLAST analysis.
The name of the corresponding gene for each EST clone is indicated as well as the o⁄cial gene symbol (if available) assigned by the
Human Gene Nomenclature Committee (HGNC). The hybridisation signal from the GDA experiment using cDNA probes from un-
di¡erentiated (Undif) and di¡erentiated (Dif) Caco-2 cells are indicated. The results of Northern blots using Caco-2 RNA is displayed.
The intensity of PCR fragments produced following 35 cycles of RT^PCR with gene-speci¢c primer pairs and RNA extracted from
colonic crypts, ileal crypts and ileal villi were semi-quantitatively assigned as being equal (++) to the result obtained with the primers
against the glyceraldehyde-3-phosphate dehydrogenase (GAPD) mRNA, less intense (+) than the GAPD signal or no signal (3).
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clones. Caco-2 cells were cultured for 3 and 14 days
after seeding. Previous results have shown that these
conditions generate an undi¡erentiated and a di¡er-
entiated phenotype, respectively [9]. Indeed, as
shown in Fig. 1 the expression of mRNA for the
brush border hydrolase aminopeptidase N was barely
detectable 3 days after seeding, whereas expression
was clearly found 14 days after seeding. mRNA iso-
lated from these cells was used to make 33P-labelled
cDNA probes which were hybridised to hGDA ¢lters
containing DNA from 18 149 human EST clones.
To validate the expression results, EST clones
showing di¡erent hybridisation signals on the ¢lters
were purchased, the inserts isolated and used to
probe Northern blots made from Caco-2 RNA. In-
serts from 26 selected EST clones were used. 22 in-
serts gave Northern blot hybridisation patterns in
agreement with the ¢lter hybridisation signals. 13 of
these hybridised to distinct bands (Fig. 1). Six hy-
bridised to many mRNAs giving smears (which
could be ascribed to the presence of repetitive se-
quences in the insert present in many mRNAs).
Three inserts gave no signals in Northern blot hy-
bridisations, which was not surprising as the GDA
results for these clones was near background. Thus,
85% of the inserts showed a pattern of hybridisation
that was in agreement with the GDA results, dem-
onstrating a high correspondence between GDA ¢l-
ter hybridisation signals and the signals obtained in
Northern blots. Moreover, inserts giving a high sig-
nal in GDA analysis also gave high-intensity signals
in Northern blot analysis whereas low-intensity
GDA signals corresponded to inserts giving low-in-
tensity Northern blot results. The results from the
hybridisation experiments using Caco-2 cDNA
probes were used to produce virtual Rot curves [8]
(Fig. 2A). Rot curves are based on the association
between labelled cDNA and mRNA in excess [10],
and they can be used to give a graphical overview of
transcriptome di¡erences between di¡erent cellular
populations [3]. A Rot curve can be simulated using
gene expression data as shown by Velculescu et al.
[8]. The virtual Rot curve obtained from the data
produced with undi¡erentiated Caco-2 cells is shifted
to the right compared to the virtual Rot curve pro-
duced with expression data from di¡erentiated Caco-
2 cells. To analyse this in more detail, mRNAs cor-
responding to the EST clones were grouped into
three abundance classes based on the relative hybrid-
isation signal produced in the GDA hybridisation
experiment. The highly expressed genes are grouped
in the interval from 3000 to 15 000, the intermediate
level from 250 to 3000 and the lowly expressed
mRNAs give a signal from 0 to 250. The number
of genes expressed at the low and the intermediate
Fig. 2. Virtual Rot curves of intestinal gene expression. (A) The
transcript concentrations are represented as the hybridisation
signal in arbitrary units and are plotted on the x-axis in reverse
order. The fraction of the total mRNA analysed is plotted on
the y-axis. The upper line represents the di¡erentiated Caco-2
data and the lower bold line the undi¡erentiated Caco-2 data.
The dotted lines identify three components of the curves repre-
senting highly (1), intermediately (2) and lowly (3) expressed
transcripts. (B) The transcript concentrations are represented as
the hybridisation signal in arbitrary units and are plotted on
the x-axis in reverse order. The fraction of the total mRNA an-
alysed is plotted on the y-axis. The upper line represents the
villus data and the lower bold line the crypt data. The dotted
lines identify three components of the curves representing highly
(1), intermediately (2) and lowly (3) expressed transcripts.
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expression levels (Table 1) are clearly down-regulated
as 44% of all the genes expressed in the undi¡eren-
tiated Caco-2 cells cannot be measured in the di¡er-
entiated cells. This massive down-regulation is com-
pensated by an up-regulation of a few genes which
are expressed at high levels in the di¡erentiated
Caco-2 cells. To investigate whether this general
change in transcription during Caco-2 di¡erentiation
is relevant to an in vivo situation, epithelial crypt
and villi were isolated from mouse small intestine
according to the Weiser procedure [4]. cDNA probes
were prepared and hybridised to a mouse GDA ¢lter
containing 18 378 mouse EST clones. The virtual Rot
curve produced with data from undi¡erentiated crypt
cells is shifted to the right compared to the virtual
Rot curve produced with data from the di¡erentiated
villus cells (Fig. 2B), similar to what was seen in the
Caco-2-produced virtual Rot curves. The reason for
the di¡erence is the same as for the Caco-2 cells,
namely a massive down-regulation of lowly expressed
genes together with an up-regulation of a few highly
expressed genes.
The global transcriptome changes which have been
reported in the literature and which are based on
association kinetics studies are informative, but do
not provide the same precise picture of the transcrip-
tome changes as the DNA array generated data. The
DNA array technique allows the behaviour of indi-
vidual mRNAs (i.e., clones) to be followed during
the di¡erent experimental conditions. There are,
however, both interesting similarities and di¡erences
between the association kinetic-based experiments re-
ported in the literature and our ¢lter hybridisation
experiment. In an analysis of transcriptome changes
during myogenesis [3] a strong decrease in the com-
plexity, from 16 751 di¡erent mRNAs in undi¡eren-
tiated myoblasts to 2316 di¡erent mRNAs in di¡er-
entiated myo¢brils, was observed. This result is
similar to our ¢nding that many genes are down-
regulated during di¡erentiation of intestinal epitheli-
al cells. The same study revealed that a few (six) new
mRNAs appeared in the di¡erentiated myo¢brils by
moving from the low abundance class to a new very
high abundance class. On this point our results are
di¡erent as we do not observe any mRNAs crossing
an abundance class when its expression is altered
during di¡erentiation. The molecular basis for the
massive change that occurs in the low abundance
class of transcripts during di¡erentiation is not
known, but it can be speculated that it is caused by
a gradual decrease in the activity of either a single
DNA binding transcription factor or a co-activator
which a¡ects the transcription of many but not all
genes. Genes which are dependent on this factor are
now less successful in attracting the general tran-
scriptional machinery and are down-regulated. Genes
that are not dependent on these factors during di¡er-
entiation are up-regulated simply due to less compe-
tition for the general transcriptional machinery. Al-
ternatively, the observed decline in transcripts
expressed in di¡erentiated Caco-2 cells might be
due to hypermethylation of the corresponding pro-
moters. An important consequence of the observa-
tion that most changes in transcript abundance dur-
ing di¡erentiation is due to 2^3-fold changes in
expression level in the low abundance class, is that
mRNAs for markers that de¢ne cells along their path
of di¡erentiation should be searched in this class of
transcripts. These transcripts are the ones that are
most likely to disappear or appear following a single
di¡erentiation step. Intestinal stem cell-speci¢c tran-
scripts, for example, should therefore be searched for
among the low abundance class genes in crypt cells.
Our GDA data are a powerful source for ¢nding
such new ‘marker’ transcripts, which have a re-
stricted intestinal epithelial expression. To demon-
strate this the expression pattern in normal human
colonic crypts, ileal crypts and ileal villi of eight tran-
Table 1
Distribution of the number of genes sorted by the expression level during intestinal di¡erentiation







No expression 0 9382 12383 14443 15274
Low expression 0^250 7630 4820 1981 1257
Intermediate expression 250^3000 952 747 1318 1151
High expression 3000^15000 182 192 400 464
BBAMCR 14845 3-5-02 Cyaan Magenta Geel Zwart
M. Tadjali et al. / Biochimica et Biophysica Acta 1589 (2002) 160^167 165
scripts selected from Table 1 were investigated by
semi-quantitative RT^PCR performed on total
RNA isolated from laser-dissected histological sec-
tions of normal human colon and ileum (Fig.
3A,B). The system was validated by comparing the
expression patterns of mRNAs for the glycolytic en-
zyme glyceraldehyde 3-phosphate dehydrogenase
(GAPD) and the brush border hydrolase aminopep-
tidase N (Fig. 3). GAPD transcripts can be detected
by RT^PCR in colonic crypts, ileal crypts and ileal
villi (Fig. 3C), with the strongest expression seen in
the ileal villi. Aminopeptidase N, however, is only
detected in ileal villi and not in any of the crypts.
This is in agreement with previously reported in situ
hybridisation experiments [11]. By similar analysis on
six other transcripts selected from Table 1 it was
found that the K-2 integrin transcript is more abun-
dantly expressed in ileal crypts than in ileal villi, the
Fig. 4. SART3 expression in human colonic crypts. Crypts were
isolated from freshly taken human colonic biopsies. A photomi-
crograph of a preparation of the isolated crypts is shown. RNA
was isolated from pieces of total colonic tissue (TC) or from
the isolated crypts (CR) and used as template in a RT^PCR re-
action. The primers used generates a 1104 bp product. A part
of the gel analysis is shown and the positions of LambdaUHin-
dIII marker bands indicated.
Fig. 3. Analysis of crypt and villus expression. Crypts (black ar-
rowheads) were excised (EC) from sections of human ileum (A)
and colon (B). Villi (EV) were excised from sections of human
ileum (A). RNA was prepared from the excised tissue as well
as from undi¡erentiated and di¡erentiated Caco-2 cells, and
RT^PCR was performed with primers for glyceraldehyde 3-
phosphate dehydrogenase (C) and aminopeptidase N (D). Each
of the three RT^PCR reactions were set up with the same mas-
ter mix and 25, 30 and 35 cycles were performed.
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SART3 transcript is only expressed in colonic crypts,
and four other transcripts (Fig. 1) are expressed at
equal levels in crypts and villi. The preferential crypt
localisation of K-2 integrin in the small intestine has
previously been reported [12] whereas the localisation
of the SART3 transcript in the colonic crypt epithe-
lium has not previously been demonstrated. The
SART3 gene was cloned from a squamous cell car-
cinoma cell line (KE4) based on its encoded product
ability to activate HLA-A2402-restricted cytotoxic T
lymphocytes and thus function as a tumour rejection
antigen [13]. The SART3 protein contains two RNA-
binding domains at its C-terminal part and was re-
cently shown to interact with the pre-mRNA splicing
factor RNPS1 [14]. In order to supplement the LCM
results on the crypt localisation of the SART3 tran-
script, we isolated human colonic crypts (Fig. 4)
from freshly obtained colonic biopsies. In addition,
a new primer pair generating a 1104 bp PCR product
covering a portion of the mRNA encoding the C-
terminal part of the SART3 protein was designed.
When this primer pair was used for RT^PCR, using
as template RNA isolated from total colonic tissue
(TC) or the isolated colonic crypts (CR), the ex-
pected product was obtained (Fig. 4). This result
thus con¢rms the LCM ¢nding from Fig. 1 that
SART3 mRNA is expressed in colonic crypt epithe-
lium. Moreover, although the result is only semi-
quantitative the strongest signal was obtained from
isolated crypt RNA, suggesting that the SART3
mRNA is indeed concentrated in the crypt epitheli-
um and not in the lamina propria or the submucosa
of the colon. As seen from the Northern analysis of
di¡erentiated and undi¡erentiated Caco-2 cells (Fig.
1), the SART3 transcript is down-regulated during
Caco-2 di¡erentiation. This opens the interesting
possibility that the change in SART3 expression dur-
ing Caco-2 di¡erentiation might cause a general
change in the pre-mRNA splicing pattern during dif-
ferentiation by virtue of SART3s interaction [14]
with the RNPS1 splicing factor, a hypothesis which
can now be directly tested in future experiments.
Overall, our results demonstrate the feasibility of
using the Caco-2 GDA expression data to identify
intestinally expressed genes as all of the investigated
candidate transcripts were expressed in normal hu-
man intestine even though they were identi¢ed by
gene expression analysis in a colon carcinoma cell
line. Moreover, with the laser capture system it is
possible to analyse the expression pattern of a large
number of transcripts with a relatively high through-
put. This could potentially lead to the identi¢cation
of new markers for subsets of intestinal cells. Such
analyses are currently in progress in our laboratory.
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